This study reports the separation of tritium from tritiated heavy water at room temperature using a membrane containing deuterated manganese dioxide. A continuous decrease in the tritium concentration in tritiated heavy water was observed when using the membrane. Furthermore, the dissolution of manganese ions from the membrane into tritiated heavy water was remarkably decreased by adding an adequate amount of lithium chloride to the tritiated heavy water.
Introduction
Separation technologies for tritium (T) present at low concentrations in aqueous solutions are required in atomic power plants and nuclear fusion development [1] [2] [3] [4] [5] . However, the effective separation of T at parts-per-trillion (ppt, i.e., ng L −1 in mass concentration) levels from aqueous solution by conventional methods is fundamentally difficult [5] [6] [7] . In our previous study [8] , T adsorption with protonated manganese dioxide (H x Li 1−x Mn 2 O 4 ) ( 0 < x ≦ 1 ) powder in light water (H 2 O) was investigated; consequently, a temporary decrease in the T concentration in the tritiated test water was observed on adding the H x Li 1−x Mn 2 O 4 powder. This temporary decrease in the T concentration was thought to be due to insufficient protons (H + ) at the surface of the H x Li 1−x Mn 2 O 4 powder. Furthermore, a continuous decrease in the T activity concentration was confirmed on tailoring the H x Li 1−x Mn 2 O 4 powder to a membrane form, enabling H + to be supplied from acidic aqueous solutions, such as dilute hydrochloric acid (HCl) and nitric acid (HNO 3 ) [9] . The H x Li 1−x Mn 2 O 4 powder used in previous studies was prepared by acid treatment of lithium manganese oxide (LiMn 2 O 4 ) powder with a spinel crystal structure. Previous studies on such LiMn 2 O 4 powder reported the crystallography and ion exchangeability between lithium ions (Li + ) and H + /D + in aqueous solutions [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . These studies showed that LiMn 2 O 4 powder with a spinel crystal structure was easily changed to protonated [10] [11] [12] [13] [14] [15] [16] [17] [18] or deuterated [19, 20] manganese oxide, which maintained its spinel crystal structure after suitable acid treatment.
This study shows T separation from tritiated high-purity heavy water (99.9 D/D+H%) using a membrane containing deuterated manganese dioxide (D x Li 1−x Mn 2 O 4 ) powder, which enabled deuterons (D + ) to be supplied from acidic heavy water. The experimental results were compared to those of previous studies [8, 9] on T separation from H 2 O that were conducted under similar experimental conditions. Additionally, a previous study indicated the dissolution of manganese (Mn) ions from H x Li 1−x Mn 2 O 4 powder into test water during the T-separation test [8] . Hence, an effective method for preventing dissolution of Mn ions from the membrane into tritiated test water was examined, to minimize the generation of radioactive sludge and increase the reusability of the membrane in this study.
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Experimental
Preparation of powder and membrane
A sample of spinel LiMn 2 O 4 powder was prepared by a method reported in previous studies [8, 9, 16] . Briefly, LiOH(H 2 O) and MnCO 3 ·n(H 2 O) (Wako Pure Chemical) powders were mixed at a ratio of 1:2 (by weight) at room temperature in air. This mixing was performed until the mixture was blackened. The mixture was then heated at 390 °C for 4.5 h in air using an electric furnace (FC-40, Yamato). The LiMn 2 O 4 powder with a spinel crystal structure was synthesized in this manner. Its deuterated manganese dioxide (i.e., D As the first step in preparing a membrane, the LiMn 2 O 4 powder (0.5 g) was applied to the surface of a platinum (Pt) wire mesh (100 mesh, width: 1.5 cm, length: 5 cm) with an electroconductive resin (XC-12, Dotite ® , Fujikura Kasei). The mixture of Li x Mn 2 O 4 and electroconductive resin applied to the Pt wire mesh was heated at 150 °C for 3 h in air using a heater (FC-40, Yamato) to achieve solidification with a suitable porosity. As the second step, a Nafion ® aqueous solution (20%, Wako Pure Chemical) was coated on the surface of one side of a plate prepared by the first step, and then the plate was heated at 60 °C for 2 h in air using a convection heater (WFO-401, Tokyo Rikakikai) to solidify the Nafion ® coated on the plate. Finally, the plate was heated at 120 °C for 30 min in air to form a stable Nafion ® film.
Preparation of tritiated test water
The tritiated test water was prepared in a glass beaker by diluting 16.0 µL of certified tritiated water (Activity in 37 MBq mL −1 , Production date: November 12, 2014, ART0194A, Lot No. 141112, American Radiolabeled Chemicals) with 160 mL of D 2 O (99.9 D/D+H%, Eurisotop) at room temperature in air. The tritiated test water (160 mL) was fractionated to 80 mL. Each sample of fractionated tritiated test water was subjected to a T-separation test and a separate blank test using a membrane made without the mixture of LiMn 2 O 4 powder. This preparation of tritiated test water was performed on July 26, 2016.
Instrumentation
Characterization of D x Li 1−x Mn 2 O 4 powder
To confirm the crystal structures of the LiMn 2 O 4 and D x Li 1−x Mn 2 O 4 samples, X-ray diffraction (XRD) patterns were measured using a SmartLab (Rigaku) system, and structural refinement of the D x Li 1−x Mn 2 O 4 sample was performed by whole powder pattern fitting (WPPF) using PDXL software (Rigaku). The powder diffraction profiles used in the refinement covered the 2θ range 15.00°-70.00°. Additionally, the mass concentration of Mn ions eluted from D x Li 1−x Mn 2 O 4 into the tritiated test water in the T-separation tests was measured by inductively coupled plasma atomic emission spectrometry (ICP-AES) using an iCap 6300 Duo system (Thermo Fisher Scientific). For the ICP-AES analysis, tritiated test water samples (each 2.0 mL) were collected using a micropipette (error margin: ±6 µL, Eppendorf). A HCl solution (35-37% in H 2 O, Wako Pure Chemical) was added dropwise to each sample. After adding the HCl, each sample was diluted 20 times with distilled water and then subjected to ICP-AES measurement.
Measurement of T activity concentration in samples
T activity concentrations in water samples were measured by using a liquid scintillation counter (LSC) (Tri-Carb 2100TR, Packard). Each 1.0 mL of sample was fractionated accurately from each 1.2 mL of sample collected from tritiated test water, ultrapure water, and 0.55 M DCl. The fractionated samples were set in vials made of low-potassium glass (volume: 20 mL, Iwaki), and their T activity concentrations were measured using the LSC. A scintillator (10.0 mL, Ultima Gold, Perkin Elmer) was added to each water sample (1.0 mL). In the LSC measurements, the T activity concentration in each sample was obtained by using the average from three measurements (counting time: 60 s each) with quenching corrections for each 20 s by the LSC to correct for the variation in counting efficiency between samples. Because the low pH (below 1) of the 0.55 M DCl sample produced white turbidity in the cocktail of samples on adding the scintillator, this quenching correction was required to compare the T activity concentrations in water samples with different pH values. Furthermore, the T activity concentration in each tritiated water sample was corrected to account for T losses from the sampling volumes removed. Additionally, blank samples (each 1.0 mL) of D 2 O, ultrapure water, and 0.55 M DCl used in this study were pretreated in the same manner, and the background levels of the T activity concentrations in the blank samples were detected as 2.0, 0.9, and 1.0 Bq mL −1 , respectively. Figure 1 shows an experimental system for separating T from D 2 O. The system with a tritiated test water container (TC) consisted of a membrane unit, a gas washing bottle (GW) (Walter-type, Sogo Laboratory Glass Works) to catch the T carried with the air flow from the head space of the TC via the Teflon ® tube (inner diameter: 2 mm), and a pump (W600, Japan Process Development) with a control valve for providing an air flow at about 100 mL min −1 from the TC to the GW. This system is similar to that for the test of T separation from H 2 O ( Fig. S1 ), which was introduced in the previous study [9] . However, D x Li 1−x Mn 2 O 4 powder, DCl, and sodium deuteroxide (NaOD) solutions were used in this study, rather than protonated manganese dioxide (H x Li 1−x Mn 2 O 4 ) powder, HCl, and NaOH solutions as in the previous study. As shown in Fig. 1 , the membrane partitioned the inside of the membrane unit to separately introduce tritiated test water and 0.55 M DCl so that different surfaces of the membrane were in contact with each liquid. The air flow rate was monitored using a digital flow meter (ProFlow 6000, RESTEC) at the air outlet from the GW. The pH and temperature of the tritiated test water were measured using a pH meter (D-55, 9618S-10D electrode, Horiba).
Experimental system and method
Experimental system for T-separation test
Method for T-separation test
Before starting the tests of T separation from D 2 O, pretreatment of the membrane was performed by immersing with 0.55 M DCl (32 mL) in the TC and 0.55 M DCl (7 mL) in the sub-container (SC). To promote the change from LiMn 2 O 4 to a deuterated form (i.e., D x Li 1−x Mn 2 O 4 ), the 0.55 M DCl (32 mL) in the TC was magnetically stirred for around 2 h. After completing the membrane pretreatment, the 0.55 M DCl solutions were removed from the TC and the SC of the membrane unit by suction. The membrane surface in contact with the 0.55 M DCl in the TC was then rinsed with D 2 O (10 mL). Finally, the D 2 O used for rinsing was removed from the TC by suction.
A T-separation test was conducted by treating the membrane with tritiated test water (79 mL) in the TC and reintroducing 0.55 M DCl (7 mL) into the SC of the membrane unit. During the T-separation test, the tritiated test water was magnetically stirred. To adjust the pH of the tritiated test water, an adequate amount of 0.55 M NaOD was added dropwise. The 0.55 M NaOD was prepared by diluting NaOD (40 wt% in 99.5 D/D+H%, Sigma-Aldrich) with D 2 O (99.9 D/D+H%, Eurisotop). Samples (1.2 mL each) of tritiated test water in the TC and ultrapure water in the GW were collected with a disposable syringe (SS-02SZ, TERMO) with a filter unit (0.2 μm mesh, DISMIC-AS25AN, Advantec). After collecting the first samples at 20 h of reaction time, 0.026 g of lithium chloride (LiCl, Wako Pure Chemical) powder was added to the tritiated test water, which was then magnetically stirred for 10 min to promote the absorption of Li + by the D x Li 1−x Mn 2 O 4 powder in the membrane. The quantity of LiCl powder added to the tritiated test water was based on one tenth of the maximum Li + absorption capacity Fig. 1 Schematic cross section of experimental system for separating T from tritiated test water (This illustration was shown in Ref. [9] .) A membrane unit with a sub-container filled with 0.55 M DCl (7 mL) was soaked in tritiated test water (79 mL). The head space air in the tritiated test water container was introduced into ultrapure water (38 mL) placed in a gas washing bottle using a pump. The method of air supply provides a similar injection volume to that of the tritiated test water and 0.55 M DCl into the membrane by creating a homogenous air pressure in the tritiated test water container [9] . Figure 3 shows the change in the T activity concentration in samples collected from tritiated test water. The temperature of the tritiated test water was maintained between 23.6 and 26.4 °C during the experiment. A continuous decrease in the T activity concentration in tritiated test water samples treated with the membrane was confirmed. The initial T activity concentration of 5596.7 Bq mL −1 (i.e., 15.6 ng L −1 ) in tritiated test water decreased to 2976.5 Bq mL −1 after 41.5 h of reaction time. Hence, 196,777.0 Bq of the gross amount of T, corresponding to 46.8% of the initial amount of T in the tritiated test water, was separated. Furthermore, the T-separation efficiency based on the surface area of membrane in contact with the tritiated test water was estimated as 15.8 × 10 6 Bq m −2 h −1 (i.e., 44.1 ng m −2 h −1 ). This efficiency was higher than that (i.e., 8.28 × 10 5 Bq m −2 h −1 ) obtained in the test of T separation from H 2 O [9] . Finally, the total amount of T recovered into the ultrapure water in the GW over the reaction time of 41.5 h was 45,891.4 Bq, which corresponds to 23.3% of the gross amount of T separated from the tritiated test water. However, this recovery percentage is lower than that (i.e., 88.8%) estimated for the test of T separation from H 2 O. Therefore, additional investigations of the reaction system and experimental conditions are required to improve the recovery percentage of T from D 2 O. Additionally, the T activity concentration of 268.7 Bq mL −1 , corresponding to 1880.9 Bq of T was detected in the 0.55 M DCl (7 mL) placed in the SC in the membrane unit after 41. 5 using the membrane that did not contain D x Li 1−x Mn 2 O 4 powder indicated that 260.5 Bq of T as tritiated water (46.5 µL) was directly carried from the tritiated test water (T activity concentration: 5596.7 Bq mL −1 , 79 mL) to the ultrapure water (38 mL) placed in the GW. Hence, this amount of T is negligible compared to that of T collected in the ultrapure water in the GW (i.e., 45,891.4 Bq) in the T-separation test as shown in Fig. 3 . The decrease in radioactive sludge generation and increase in membrane reusability are important for the practical utilization of the T-separation system using the membrane. In this study, the pH of the tritiated test water was adjusted to around pH 7 by adding an adequate amount of 0.55 M NaOD solution once the pH of tritiated test water decreased to 3 or less, to maintain the decrease in the T activity concentration in tritiated test water. However, such pH adjustments of the tritiated test water caused dissolution of Mn ions from H x Li 1−x Mn 2 O 4 powder contained in the membrane into the tritiated test water, as shown in Fig. S2 , as observed in other T-separation tests using a membrane unit in tritiated test water. In contrast with the other T-separation tests, 0.026 g of LiCl was added to the tritiated test water at 20 h of reaction time before adjusting the pH of the tritiated test water (see Fig. 3 ). Consequently, the generation of colloid or precipitation of Mn hydroxides caused by the dissolution of Mn ions could be suppressed. Specifically, this generation of colloid or precipitate in the tritiated test water was hardly observed during each pH adjustment in the T-separation test. Additionally, the mass concentration of Mn in a water sample collected from the tritiated test water at a reaction time of 41.5 h was measured as 12.1 mg L −1 by ICP-AES. This low concentration of Mn in the tritiated test water sample supported the remarkable effectiveness of adding LiCl to the tritiated test water to prevent the dissolution of Mn ions from D x Li 1−x Mn 2 O 4 powder in the membrane. It is unclear why adding LiCl decreased the dissolution of Mn ions from the membrane; however, it is thought that this effect might be based on the electrochemical stability of the D x Li 1−x Mn 2 O 4 spinel crystal structure under different pH conditions in water.
The proposed mechanism of the T separation from tritiated light water with H x Li 1−x Mn 2 O 4 in the previous study [9] was revised to discuss the separation of T from tritiated heavy water with D The final product of this membrane system is thought to be DTO molecules, which evaporate from the surface of the D x Li 1−x Mn 2 O 4 powder in the membrane surface, which is exposed to the air of the head space in the tritiated test water container (see Fig. 1 ).
Equation 1 shows the cathodic reaction to form tritiated water molecules. Finally, Eq. 5 shows the overall reaction combining Eqs. 2-4. The calculated Gibbs free energy for Eq. 5 was − 237.14 kJ mol −1 (ΔG <v0); therefore, the T separation (1)
Proposed system for T separation from tritiated heavy water could progress through a combination of OT − /OD − oxidation and DTO evaporation from the membrane surface. The thermodynamic parameters for calculating the Gibbs free energy were obtained from Lange's Handbook of Chemistry [23] . In the calculation, the ΔG f 0 values of DTO and OT − were assumed to be the same as those for D 2 O (i.e., − 237.14 kJ mol −1 ) and OD − (i.e., − 157.28 kJ mol −1 ), respectively. The D + on the left side of Eq. 5 was expected to be replenished from the 0.55 M DCl placed in the subcontainer, and the OD − on the left side of Eq. 5 was expected to be replenished by adding 0.55 M NaOD solution to the tritiated test water for pH adjustment. Here, the deuterated manganese dioxide was defined as D [24, 25] , which constructs an oxygen tetrahedron distributed within the ideal spinel crystal structure [26] . Thus, the D x ·Li 1−x Mn 2 O 4 might be responsible for the storage of D + through strong hydrogen bonding that facilitates D + bonding and release. The ease with which T + is released from an O-T group in the surface neighborhood of the D x Li 1−x Mn 2 O 4 particle is predicted to mirror the behavior of an O-D group because of the similarity of T + to D + in oxygen tetrahedra with strong hydrogen bonding; however, T + ions stored in oxygen tetrahedra with strong hydrogen bonds [24] [25] [26] [27] are probably more stable than D + in the O-T group due to the lower vibrational energy of T + in the O-T group resulting from the difference in mass between D + and T + . This difference can be approximated as E (T) :E (D) :E (H) = 1/(3) 1/2 :1/ (2) 1/2 :1, based on the isotope effect. Therefore, this stability of T + in the spinel crystal structure would allow initial OT − oxidation for the selective T separation from D 2 O.
Moreover, another mechanism for the selective release of T as DTO based on Eq. 3 is required. We expect T + stored in oxygen tetrahedra with strong hydrogen bonds to be more unstable than D + in the O-T group in the spinel crystal structure of D x Li 1−x Mn 2 O 4 powder contained in the upper part of the membrane exposed to the air, because specific shrinking of the spinel crystal structure of D x Li 1−x Mn 2 O 4 powder on drying after acid treatment [9, 16, 19, 20] would be caused by changes in the O-O interatomic distances within oxygen tetrahedra to store isotopic hydrogen ions. Moreover, the H x Li 1−x Mn 2 O 4 powder dried at room temperature in air released H + as evaporated H 2 O into the air from the spinel crystal structure [16] . Therefore, we predict that the specific shrinking of the spinel crystal structure might allow selective release of T as DTO from the upper part of the membrane exposed to the air.
However, additional examinations such as the in situ XRD analysis of D x Li 1−x Mn 2 O 4 powder contained in the membrane, and more quantitative experiments on the mass balance during the T-separation tests, are needed to confirm this proposed mechanism.
As mentioned above, we hypothesize that the T separation capability is induced by the progress of the initial OT − oxidation via the greater capacity for storing T + on the surface of the D x Li 1−x Mn 2 O 4 powder. The mechanism suggests that this T-separation technique is an effective method for removing the T that exists in water at fairly low concentrations at room temperature (e.g., 10 −7 mol L −1 , pH 7 at 20 °C) based on the degree of ionization of water molecules. In contrast with this continuous decrease in the T concentration observed during the utilization of the membrane containing D x Li 1−x Mn 2 O 4 , a temporary decrease in the T activity concentration in the suspension of D x Li 1−x Mn 2 O 4 powder and tritiated test water was observed as shown in Fig. S3 . This was also observed in a suspension of H x Li 1−x Mn 2 O 4 powder and H 2 O [8] . The temporary decrease in the T activity concentration suggests that the D x Li 1−x Mn 2 O 4 or H x Li 1−x Mn 2 O 4 powder could not effectively release T into the air while immersed in the tritiated test water. Therefore, it is thought that the significant advantage of using a membrane is its ability to release T as tritiated water (i.e., DTO) from the membrane surface into air, enabling a continuous decrease in the T activity concentration.
Conclusions
A continuous decrease in the T concentration in tritiated test water with a membrane containing D x Li 1−x Mn 2 O 4 at room temperature was confirmed. The efficiency of T separation from the tritiated test water having an initial T concentration of 5596.7 Bq mL −1 was 15.8 × 10 6 Bq m −2 h −1 (i.e., 44.1 ng m −2 h −1 ). As a future research subject, an improvement in the removal rate of T from the membrane as a retrievable product (i.e., DTO) is required to increase the efficiencies of the T separation and recovery. Additionally, the effectiveness of adding LiCl to tritiated test water in preventing the elution of Mn ions from D x Li 1−x Mn 2 O 4 was confirmed. The advantage of the proposed method in this study compared to conventional methods is its selective T-separation capability, which decreases the T activity concentration at ppt (i.e., ng L −1 ) levels in tritiated water at room temperature. This is expected to contribute to both cost reduction and performance improvement in wastewater treatments at nuclear facilities releasing effluent with low T concentrations, such as atomic power stations and accelerators.
